1. Introduction {#sec1}
===============

Type 2 diabetes (T2D) is the more common type of diabetes. It is a complex endocrine metabolic disease associated with obesity and a sedentary life style and it is considered to be, at present, a major health care problem in the world \[[@bib1]\]. T2D arises from the reciprocal action between genetic and environmental causes that lead to an abnormal response of the skeletal muscle, liver and adipose tissue to insulin and the pancreatic ß-cells dysfunction \[[@bib1], [@bib2], [@bib3]\]. The disease is characterized by the dysregulation of carbohydrates, lipids and proteins metabolism that outburst in insulin impaired secretion, insulin resistance or both \[[@bib2]\].

Insulin resistance is considered to be the major "trademark" for T2D and its development is associated with tissue-specific inflammatory responses induced by pro-inflammatory cytokines and oxidative stress mediators \[[@bib4]\]. Chronic exposure to the inflammatory and oxidative stress environment promotes the blockage of insulin receptor in the pancreatic ß-cell islets \[[@bib5]\]. T2D begins to settle when the ability of the pancreatic ß-cells to segregate enough insulin to overcome insulin resistance in the tissues is compromised \[[@bib4]\]. In T2D, due to insulin resistance, patients have high levels of blood glucose (hyperglycemia), which contribute to the oxidative stress, inflammatory pathways activation and microvascular conditions, which may evolve to macrovascular disease, augmenting the T2D\'s morbidity and mortality \[[@bib1]\].

The key symptom that prones the development of T2D is hyperglycemia and it appears early in the settlement of the disease, known as prediabetes \[[@bib2]\]. Patients with prediabetes can display modifications in three different markers: glycated hemoglobin (HbA1c) or fasting glucose (FG) or glucose tolerance (GT) \[[@bib6]\]. Therefore, patients with prediabetes may have an enhancement in HbA1c or an impairment in the FG or GT levels \[[@bib2]\].

T2D treatment is focused in achieving optimal control of blood glucose levels \[[@bib2]\]. Oral therapies associated with changes in the life style, in combination, or not, with injectable therapy, are the core of T2D treatment. Even though, T2D is a multifactorial disease and its treatment responsiveness is highly variable accordingly to the complexity of the pathogenic process \[[@bib1]\]. The therapies for T2D available in the market are biguanides, first generation sulfonylureas, second generation sulfonylureas, meglitinides, α-glucosidase inhibitors, thiazolidinediones, DPP-4 inhibitors \[[@bib1],[@bib2]\], glucagon-like peptide-1 (GLP-1) receptor agonists and sodium-glucose co-transporter 2 (SGLT2) inhibitors. However, this review is focused on GLP-1 receptor agonists (GLP-1RA), more specifically on exenatide.

During GLP-1RA development process, as well as for other active pharmaceutical ingredients (API), preclinical studies are required to assess the API\'s pharmacokinetic and pharmacodynamic profiles and its safety and toxicity, in order to evaluate potential risks associated with the GLP-1RA and, consequently, identify and quickly act when a risk factor appears during the development in clinical trials onset \[[@bib7]\]. Therefore, it is crucial to proceed to the monitoring of GLP-1RA during preclinical and clinical trials development, in order to predict the behavior of the API and to reduce possible erroneous information that may affect the therapeutic goal of GLP-1RA.

Nowadays the therapeutic pipeline for T2D is broad although during a long period this was not the reality \[[@bib1]\]. Consequently, it is important that the patient\'s disease management includes a careful antidiabetic therapy selection, regarding the age, comorbidities, HbA1c levels and the adverse effects (AE) associated with each API \[[@bib8]\]. Thus, it is important to minimize the AE of the API without compromising the required therapeutic concentration. Although the therapeutic concentration required for patient A may not be the same for patient B and, consequently, a posologic regimen may be accurate for one patient and fail in another, resulting in AE occurrence. Therefore, to avoid AE it is crucial to develop therapeutic drug monitoring (TDM) programs, allowing therapeutic individualization \[[@bib8]\].

To develop and apply monitoring programs in preclinical and clinical trials and TDM programs for antidiabetic therapies, it is important to have quantification techniques allowing the evaluation of their pharmacokinetic and pharmacodynamic profiles, safety and toxicity, regarding the individualization of the therapy \[[@bib9]\]. Since GLP-1RA are therapeutic peptides, their analytical quantification requires a specific, multiplexing and high throughput quantification technique \[[@bib10]\]. The development of techniques for GLP-1RA quantification demands the development and optimization of sample pretreatment procedures, in order to decrease matrix complexity and to concentrate the API; however, it is a burdensome process.

[Fig. 1](#fig1){ref-type="fig"} outlines a scheme regarding the administration of exenatide, the sample collection from humans or laboratory animals, the pretreatment procedures that may be applied to the samples before quantification and the main bioanalytical methods applied for exenatide\'s quantification. Exenatide may be administered to humans, in clinical practice or in clinical trials assessment, and to laboratory animals, during preclinical assessment of new API formulations. As already emphasized, exenatide\'s monitoring is important and crucial; thus it requires sample collection (blood, tissue or API release medium). Before the quantification of exenatide through bioanalytical methodologies, collected samples need to be addressed properly through optimized pretreatment procedures, in order to avoid interferences, which may affect the quantification or promote damage to the analytical equipment, and to concentrate samples with low concentration of exenatide. Once the quantification is finished, clinical decisions may be taken regarding the best therapeutic outcome and preclinical development may continue towards clinical trials.Fig. 1Exenatide\'s pathway since its administration to its quantification by high performance liquid chromatography or enzyme-linked immunosorbent assay, comprising the main pretreatment procedures applied to samples before each bioanalytical methodology.Fig. 1

The main aim of this review is to describe and critically analyze the quantification techniques applied to GLP-IRA, with focus on exenatide, including pretreatment procedures applied and recent advances regarding the detection of therapeutic proteins, such as exenatide, using mass spectrometry detectors, a leading marked change into the bioanalytical quantification.

2. GLP-1 receptor agonists {#sec2}
==========================

Discovered in 1987, GLP-1 is a 30 amino acid peptide and an incretin hormone released by intestinal L-cells after food intake and it has an important role in the glucose homeostasis \[[@bib11],[@bib12]\]. After its release, GLP-1 binds to the GPL-1 receptor (GLP-1R) present in pancreas, brain, heart, kidney and gastrointestinal tract, activating it, promoting the increase in cAMP and intracellular calcium levels that lead to the glucose-dependent insulin exocytosis \[[@bib11]\]. GLP-1 has antidiabetic functions important for T2D treatment amongst which are auto-limited insulinotropic effect that reduces the risk of hypoglycemia; regulation of postprandial glucose levels; stimulation of pancreatic ß-cells proliferation and neogenesis; inhibition of pancreatic ß-cells apoptosis; prevention of gastric emptying that promotes satiety and loss of body weight \[[@bib11]\]. Although native GLP-1 has a short life-time due to its rapid degradation by dipeptidyl peptidase IV (DPP-IV), limiting its therapeutic application for T2D \[[@bib11]\]. Therefore, the GLP-1RA were developed, in order to mimic the endogenous GLP-1 incretin action.

GLP-1RA are a therapeutic option for T2D and result in the increased demand for new T2D API, which has the ability to achieve optimal glycemic control and, at the same time, lower glucose plasma levels, to manage complications and to prevent the progression of the disease \[[@bib11]\]. The GLP-1RA therapeutic group is heterogenous regarding pharmacology, administration, pharmacokinetics, tolerability and immunogenicity \[[@bib13]\]. In order to extend the half-life of GLP-1 and decrease its renal elimination, strategies were undertaken to make GLP-1 resistant to DPP-IV degradation, through amino acid substitution at N-terminal positions or to allow the extension of GLP-1 actions, through binding the peptide to plasma albumin in order to augment its metabolic stability \[[@bib11],[@bib14]\]. Regarding the strategy applied to the peptide, it is possible to classify the GLP-1RA into short-acting and long-acting \[[@bib11]\].

A major difference between the short-acting and the long-acting GLP-1RA is that the short-acting peptides suffer fluctuations in plasma levels but the long-acting do not. Hence, it may lead to the supra-activation of the GLP-1R \[[@bib14]\]. This difference is translated to different action mechanisms, efficacy and tolerability \[[@bib14]\]. Therefore, the long-acting GLP-1RA are more prone to be accepted by patients, not only because they achieve better result in the same period, but also due to the lower injections frequency \[[@bib14]\]. Although the decision of which API is more suitable for the patient is taken accordingly to his or her disease\'s profile.

2.1. Short-acting GLP-1RA {#sec2.1}
-------------------------

Exenatide is the synthetic form of exendin-4, a 39 amino acid peptide isolated from Gyla monster (*Heloderma suspectum*) saliva \[[@bib11]\] with a molecular weight of 4186.6 Da \[[@bib15]\] and natural resistance to DPP-IV degradation. It was the first approved GLP-1RA for human clinical application \[[@bib12]\], as an adjunctive T2D therapy for patients who have not achieved the optimal glycemic control with oral therapies \[[@bib16]\]. Although as a short-acting GLP-1RA with natural resistance to the proteolysis by DPP-IV, exenatide\'s half-life is 2.4 h, requiring two administrations per day \[[@bib13]\], leading to a not simple treatment regimen, compromising the therapeutic adherence \[[@bib17],[@bib18]\]. The other short-acting GLP-1RA is lixisenatide differing from exendin-4 at C-terminal amino acids, although it has a half-life of 3--4 h \[[@bib14]\].

Short-acting GLP-1RA have a shorter half-life, not affecting insulin postprandial secretion. However, they induce noticeable gastric emptying and promote similar glucagon secretion suppression as long-acting GLP-1RA. Therefore, they offer better postprandial hyperglycemia control and are useful to enhance or substitute rapid-acting insulin during meals \[[@bib19]\]. Due to better effect on decreasing postprandial hyperglycemia, short-acting GLP-1RA are more prone to develop AE, particularly gastrointestinal AE \[[@bib20]\].

Short-acting exenatide decreases HbA1c levels (mean 0.98%), fasting blood glucose (1.69 mmol/L) and body weight (1.5 kg) \[[@bib13],[@bib21]\]. It has shown to be non-inferior to insulin glargine, in combination with metformin or sulfonylurea.

2.2. Long-acting GLP-1RA {#sec2.2}
------------------------

The long-acting exenatide (exenatide-LA) may be administered by subcutaneous injection once weekly, due to its biodegradable microspheres formulation, which allows the slow release of exenatide through diffusion \[[@bib14]\]. Exenatide-LA is not a different molecular entity from exenatide twice daily, although the differences in the formulation allow the slower metabolism of the API and, consequently, a longer half-life and a plasma concentration peak at 2 weeks after administration \[[@bib22]\].

The other long-acting GPL-1RA are the products of different mechanisms applied to improve the half-life of the API. Liraglutide has a different amino acid at 34 position (Lys for Arg) and a linear fatty acid moiety bound to a glutamic acid, in order to improve its half-life (12--14 h) and its affinity to serum albumin, allowing an administration per day \[[@bib13]\]. Albiglutide consists of two copies of a modified human GLP-1 coupled to recombinant albumin, resulting in DPP-IV proteolysis resistance, clearance reduction and extended half-life (6--8 days) \[[@bib23]\]. Regarding dulaglutide, it is composed by two identical and DPP-IV resistant sulfidic chains coupled to a G4 modified immunoglobulin (IgG4), allowing the reduction of the clearance and the binding to the Fc receptors, in order to reduce antibodies production \[[@bib14]\].

Exenatide-LA has the ability to reduce HbA1c (mean 1.4%), fasting blood glucose (mean −1.94 mmol/L) and the body weight (mean 2.5 kg), with sustained effects for 5 years \[[@bib21]\]. It has shown to be higher than DPP-IV and not lower than metformin; however, it has shown inferiority regarding pioglitazone \[[@bib13]\].

3. Preclinical trials and biosimilarity assessment monitoring {#sec3}
=============================================================

Preclinical trials enable the prevision of the API\'s action mechanism, its pharmacokinetic and pharmacodynamic profiles and its safe and non-toxic human dosages \[[@bib7]\]. Therefore, preclinical trials are important regarding new API for T2D treatment. Preclinical investigation has been comprehensively researching exenatide\'s pharmacology, allowing the assessment of exenatide\'s ability to decrease glucose levels, its insulinotropic characteristics and longer period of activity \[[@bib15]\]. Even though, the results may not always be parallel with the ones obtained during clinical trials. Through preclinical trials, it has been possible to assess exenatide\'s pharmacokinetic and pharmacodynamic profiles, allowing the elaboration of suppositions that may be corroborated during clinical trials. It is important to highlight that preclinical trials data combined with in vitro results regarding therapeutic peptides, such as exenatide, or other biotechnology-based API, enable the establishment of in vitro/in vivo correlations that are important to predict pharmacokinetic and pharmacodynamic profiles, enabling the assessment of the quantity of API that is available to exert therapeutic action \[[@bib24]\].

However, the development of biotechnology-based API such as peptide-based API is expensive and, consequently, it affects negatively in the clinical practice \[[@bib25]\]. Therefore, the development of biosimilars API is enhancing. A biosimilar API has resemblance to the biological medicine, even though it is not equal; it represents an advanced strategy for therapeutic application. Thus, it is highly important to evaluate the similarity between the biosimilar and the biological medicine during its development, in order to evaluate the existence or non-existence of significant clinical divergences \[[@bib26]\].

Recently, there have been advances towards oral delivery systems for exenatide, due to poor therapeutic adherence to the available subcutaneous therapies for exenatide \[[@bib27]\]. However, exenatide is submitted to enzymatic digestion and has poor intestinal permeability, leading to poor bioavailability \[[@bib28]\]. Hence, researchers are investigating in in vitro studies and preclinical trials for oral delivery systems, in order to overcome exenatide\'s poor oral bioavailability. Amongst these systems, oral delivery systems with self-emulsifying properties, or methods combining an exenatide complex with ions of zinc and transferrin, or protamine-functionalized nanoparticles, may be highlighted \[[@bib27], [@bib28], [@bib29]\]. Due to potential protective effects on cardiovascular system, researchers are investigating in in vitro studies and preclinical trials for biotechnology-based systems with exenatide, aiming its application in patients with myocardial ischemia \[[@bib30]\]. Even though the results obtained so far are promising, it is still important to continue to study and investigate in vitro and preclinical studies, in order to obtain robust data, aiming the clinical trial scale-up and the market authorization by the authorities.

Monitoring during preclinical or biosimilar development is indispensable to provide qualitative and quantitative assessment of the pharmacokinetic and pharmacodynamic profiles and the safety and toxicity of new API. Therefore, it is required a sensible, sensitive, high-throughput and robust bioanalytical assay \[[@bib31]\]. Only through monitoring it may achieve the efficacy, safety, toxicity and characterization information needed to, or not to, scale-up into clinical trials, in order to obtain authorities approval for its use in the clinical practice \[[@bib31]\].

4. Therapeutic drug monitoring {#sec4}
==============================

Peptides are appearing as a new drug category in clinical therapy \[[@bib9]\]. The interest in incretins has been growing since the last decade because of T2D treatment and the additional protective effects on central nervous and cardiovascular systems \[[@bib32]\]. Thus, the GLP-1RA were, and still are, in investigation and, like other drugs, they have AE that compromise the quality of the patient\'s life and, consequently, reduce the treatment adherence \[[@bib32]\]. GLP-1RA efficacy is dose dependent and the more common AE are nausea, vomiting, injection-site reactions and systemic allergic reactions \[[@bib32]\]. However, there are concerns about their carcinogenic potential and capability to increase pancreatitis rate \[[@bib32]\]. The gastrointestinal AE are dose dependent, normally transient, with a non-severe nature, limiting the administration at the utmost efficacious dosage, because the maximum tolerated doses are determined by the induction of nausea and vomiting \[[@bib20],[@bib32]\]. Besides the above-descripted AE, GLP-1RA derived from exendin-4, the natural form of exenatide, promote the formation of antibodies, although they do not react with native GLP-1 and do not decrease the API efficacy \[[@bib20]\]. Comparing exenatide\'s twice daily and long-acting formulations, significant HbA1c reductions were achieved with exenatide-LA, with lower incidence on gastrointestinal AE, however with higher incidence on injection-site AE and antibody formation \[[@bib13]\].

In order to control GLP-1RA AE, it is important to establish TDM programs \[[@bib33]\]. These programs are capable of determining the concentration of the API in blood, plasma, serum or tissues, allowing the optimization of the posologic regimen. There are few case reports regarding the TDM of exenatide; therefore, it is at the utmost importance to quantify of exenatide in biological matrices, in order to assess its pharmacokinetics and efficacy, monitoring the progression of the disease and predicting its toxicity. Even though, patients should be educated towards the symptoms of pancreatitis and the self-monitoring of blood glucose levels \[[@bib34]\]. For the establishment of exenatide\'s TDM programs, it is necessary to develop and validate bioanalytical techniques that will allow a quick therapeutic intervention towards patient care optimization and the disease\'s control \[[@bib35]\].

5. Quantification techniques {#sec5}
============================

As above stated, exenatide quantification during clinical practice and preclinical and biosimilar assessment is crucial for the patient care and the formulation optimization, in order to achieve its efficacy and toxicity and to monitor the disease\'s progression \[[@bib9],[@bib35]\]. In clinical practice laboratories, biosimilar API and therapeutic peptides, like exenatide, are submitted to quantitative analysis mostly by enzyme-linked immunosorbent assay (ELISA) or by high performance liquid chromatography (HPLC) \[[@bib36]\].

ELISA is a classical analytical technique used for the quantification of peptides, including exenatide, due to its high sensitivity and throughput capacity. However, it is time consuming, associated with narrow linear ranges and promotes cross-reactivity between antibodies and similar structure compounds \[[@bib9]\]. Some doubts have been raised about selectivity of ELISA, more precisely between a peptide and its metabolites or analogs and some trouble was found while quantifying a peptide at circulating concentrations \[[@bib26],[@bib37]\]. Regarding the increase in the biosimilar API and therapeutic proteins pipeline, ELISA techniques have narrow multiplex ability during their development and the acquirement of antibodies for such new therapeutics is burdensome \[[@bib38]\].

There has been a continuous evolution towards reaching more sensitive, reproducible, robust and multiplexing HPLC techniques for the quantification of exenatide, especially in what concerns mass spectrometry detection (MSD) \[[@bib31]\]. The reason for this evolution is due to MSD ability to effectively identify and characterize proteins, even in complex matrices \[[@bib39]\]. Thus, HPLC with MSD (HPLC-MSD) techniques allow the quantification of human endogenous hormones and theirs analogs, like exenatide, without a complex sample pretreatment procedure, allowing the quantification of multiple API \[[@bib35],[@bib36]\]. However, it may occur ion suppression due to the electrospray, leading to loss of sensitivity and erroneous results. Applying HPLC-MSD techniques to the monitoring of biosimilar API and therapeutic proteins enables the quantification of bound and free forms of the API, whereas ELISA may only quantify the free form \[[@bib40]\].

[Table 1](#tbl1){ref-type="table"} allows a quick reading on the advantages and disadvantages of these two techniques, comparing ELISA, which were classically used for bioanalysis in general, and HPLC-MSD techniques, which are becoming the golden standard for bioanalysis during preclinical, clinical and biosimilarity assessment of therapeutic proteins \[[@bib26],[@bib40]\].Table 1Advantages and disadvantages of ELISA and HPLC-MSD techniques regarding the quantification of therapeutic proteins, such as exenatide, and biosimilar drugs during development and monitoring assessment.Table 1TechniqueAdvantagesDisadvantagesELISA•Free analyte quantification \[[@bib40]\]•Sensitivity \[[@bib9]\]•Throughput \[[@bib9]\]•Antibodies availability \[[@bib38]\]•Lack of ability to differentiate metabolites or analogs \[[@bib26],[@bib37]\]•Limited specificity \[[@bib26],[@bib37]\]•Matrix endogenous interferences \[[@bib41]\]•Narrow multiplexing \[[@bib38]\]•Time consuming development and optimization \[[@bib9]\]HPLC-MSD•Accuracy \[[@bib38]\]•Analyte signal quantification in the presence of matrix endogenous interferences \[[@bib39]\]•Free and bonded analyte quantification \[[@bib40]\]•Multiplexing \[[@bib31],[@bib38]\]•Precision \[[@bib31],[@bib38]\]•Reproducibility \[[@bib38]\]•Robustness \[[@bib38],[@bib40]\]•Selectivity \[[@bib31],[@bib38],[@bib40]\]•Sensitivity \[[@bib31],[@bib35],[@bib36]\]•Specificity \[[@bib35],[@bib36]\]•Ion suppression \[[@bib35]\]

5.1. Enzyme-linked immunosorbent assay (ELISA) {#sec5.1}
----------------------------------------------

As stated above, until recently ELISA techniques were the golden choice for TDM programs and monitoring during preclinical or biosimilarity assessment, although since the evolution of HPLC-MSD techniques their use has been slowing down \[[@bib26],[@bib40]\].

The fundamental basis of ELISA settles upon the analyte\'s separation through specific solvents and, frequently, it does not involve a sample pretreatment procedure; thus the endogenous components of the matrix are able to interact with the assay compounds or with the analyte \[[@bib41]\]. This outcome is called matrix effect and it is a sterling disadvantage regarding ELISA techniques. Therefore, it is at the utmost importance to proceed to the identification and characterization of the interferents of the matrix that may affect the detection and quantification of exenatide \[[@bib42]\].

### 5.1.1. ELISA methodology and incretins {#sec5.1.1}

For better consolidation of incretins\' analytical quantification through ELISA, [Table 2](#tbl2){ref-type="table"} briefly displays ELISA settings and protocol conditions for biological matrices and API formulation matrices \[[@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54]\].Table 2ELISA experimental conditions and main settings for quantitative determination of incretins in biological and formulation matrices, in order to assess blood, plasmatic, serum and tissue concentrations, API pharmacokinetics or biotechnology entrapment efficiency.Table 2IncretinMatrixSample pretreatmentLLOQ (pmol/L)RefDPP-IVKrillDilution--\[[@bib43]\]DPP-IVRat intestineHomogenization--\[[@bib44]\]ExenatideHuman plasmaDried blood spot23.89\[[@bib45]\]ExenatideMicrospheres----\[[@bib46]\]ExenatideMicroemulsion----\[[@bib47]\]ExenatideRat plasmaDilution19.11[a](#tbl2fna){ref-type="table-fn"}\[[@bib28],[@bib29],[@bib48]\]ExenatideRat plasma--119428.65[a](#tbl2fna){ref-type="table-fn"}\[[@bib49]\]ExenatideRat plasma----\[[@bib50]\]ExenatideRat serumDilution23885.73\[[@bib51]\]ExenatideRat serum--19.11[a](#tbl2fna){ref-type="table-fn"}\[[@bib52]\]GLP-1Mice blood----\[[@bib53]\]GLP-1Mice intestinal cellsDilution4.10[a](#tbl2fna){ref-type="table-fn"}\[[@bib54]\]Lithocholic acid exendin-4 derivativesRat plasmaDilution19.11[a](#tbl2fna){ref-type="table-fn"}\[[@bib12]\][^1]

As can be seen in [Table 2](#tbl2){ref-type="table"}, ELISA techniques are normally performed with commercially available kits regarding the manufacture instructions. Phoenix Pharmaceuticals, Inc™ provides the most used kit, although there are other ELISA kits also used in the literature provided by EMD Millipore™, Thermo Fisher Scientific™ and Sigma Aldrich^®^. The ELISA kit provided by Peninsula Laboratories International, Inc™ has a lower LLOQ than others (4.78 pmol/L) except when compared to the one used by Chepurny et al. \[[@bib54]\]. Besides, it allows a more precise and accurate quantification and does not need a sample pretreatment procedure, taking less time to execute; still, obtained results may be less accurate due to a matrix effect occurrence.

In some cases, ELISA methodology may be developed without using a commercial kit, as already performed by some researchers ([Table 2](#tbl2){ref-type="table"}), allowing the selection of more suitable reagents, regarding particularly the analyte of interest. Even though it is a time-consuming procedure, *in house* developed ELISA methodology may be more fitted for exenatide quantification than the commercialized kit, obtaining more accurate results, due to the suitability of reagents and antibodies selected for the matrix and its endogenous composition, regarding exenatide\'s behavior in the matrix. However, ELISA\'s wide range may compromise the quantification of exenatide, because as a protein, exenatide does not have the same characteristics as its basic components, amino acids. The development of antibodies with perfect binding conditions for exenatide is burdensome. Therefore, ELISA methodology is not commonly applied in target proteomics \[[@bib39]\].

### 5.1.2. How to address the matrix effect in ELISA? {#sec5.1.2}

In order to avoid or, at least, to diminish the matrix effect compromising ELISA sensitivity, selectivity and accuracy, it is important to select the fittest approach even though, nowadays the techniques applied for the quantification of exenatide are becoming more sensitive. There are two main approaches to this purpose, a sample pretreatment procedure and an exchange of the solvents or parameters of the assay.

Regarding the sample pretreatment approach, it may be applied a solvent that acts as a blocker for the interference, such as polyethylene glycol, protein A, G or L, although it may affect the concentration of exenatide \[[@bib55]\]. The use of a low pH pretreatment procedure may enhance the selectivity of the ELISA for exenatide. However, it may induce its precipitation; hence the results obtained may be less accurate. The sample dilution as a pretreatment procedure is also widely exploited in order to handle matrix interference \[[@bib12],[@bib28],[@bib29],[@bib43],[@bib48]\], but dilution procedures may affect negatively the sensitivity of the technique \[[@bib56]\]. It is at the utmost importance to check whether there is any influence of the sample pretreatment procedure selected on the recovery of exenatide and the throughput capability of the assay \[[@bib41]\].

Modifying the assay solvents or increasing their concentration, it is usually applied in order to address the interference compound that leads to the matrix effect. However, modifying an assay solvent may change the signal response of exenatide and, consequently, change its immunogenic response \[[@bib57]\]. Augmenting incubation times allow extended interaction between exenatide and the solvents of the assay rather than the endogenous matrix interferences increasing the recovery of the API \[[@bib56]\].

Although great efforts have been made to develop more refined ELISA techniques for bioanalysis of exenatide, HPLC-MSD techniques outperform them and will continue to improve, in order to acquire more selective, accurate, precise and reproducible methodologies for more quality and robust results.

5.2. High performance liquid chromatography (HPLC) {#sec5.2}
--------------------------------------------------

HPLC techniques have been used as the standard methodology for exenatide TDM programs, preclinical assessment and biotechnology-based API quality control. Thus, with the science evolution, HPLC-MSD is in its reaching, providing increased sensitivity and throughput capability for the quantification of high molecular weight API, like exenatide \[[@bib31]\]. However, the demand for highly accurate and rugged HPLC-MSD techniques for the quantification of low molecular weight API is enhancing, especially in target proteomics \[[@bib38],[@bib40]\].

Even though in this review we emphasize HPLC-MSD, [Table 3](#tbl3){ref-type="table"} allows the assessment of various HPLC techniques developed so far \[[@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71], [@bib72], [@bib73], [@bib74], [@bib75], [@bib76], [@bib77]\], for incretins\' quantification, assembling a brief compilation regarding matrix, sample volume, achieved LOD, HPLC technique, chromatographic column, mobile phase, elution mode, elution program and flow.Table 3Liquid chromatography-based techniques for quantitative determination of incretins in biological matrices and API formulation matrices regarding TDM programs, preclinical assessment, pharmacokinetic studies, entrapment efficiency and quality control protocols.Table 3IncretinMatrixSample volume (μL)TechniqueDetectionLOD (pmol/L)ColumnMobile phaseFlow (μL/min)Ref.Organic phaseAqueous phaseElutionCompositionDPP-IV antagonistsKrill100HPLCQTOF-MS--C~18~MeOHWaterIsocratic--10.00\[[@bib43]\]DPP-IV antagonistsHydrolysate--HPLCMS/MS--C~18~ACN: TFA (B)TFA (A)Gradient0--60.00 min: 0--45% B200.00\[[@bib58]\]DPP-IV antagonistsBMPH--HPLCUV--C~18~ACN (B)0.01% TFA (A)Gradient0--54.00 min: 0--60% B1500.00\[[@bib59]\]ExenatideHydrogel500HPLC----C~4~85 mmol PBS: ACN (61: 39, v/v) (B)85 mmol PBS: ACN (95: 5, v/v) (A)Gradient0--6.00 min: 65%--72% B 6.00--33.00 min: 72% B1000.00\[[@bib52],[@bib60]\]ExenatideMicrospheres100HPLCMS/MS--C~18~ACN: 0.01% TFA (B)0.01% TFA (A)Gradient0--33.00 min: 30%--44% B1000.00\[[@bib61]\]ExenatideMicrospheres--HPLCUV--C~18~0.1% TFA in ACN0.1% TFAIsocratic----\[[@bib49]\]ExenatideMicrospheres--HPLCUV--Protein specific0.1% TFA in ACN0.1% TFA in 2% sodium sulfateIsocratic--800.00\[[@bib48]\]ExenatideMicrospheres--HPLCUV--C~18~ACN (B)Water with 0.1% TFA (A)Gradient0--16.00 min: 20%--60% B1000.00\[[@bib46],[@bib50]\]ExenatideMicrospheres--HPLCUV--C~18~80% ACN with TFA (B)0.1% TFA (A)Gradient0--10.00 min: 20%--80% B 10.00--15.00 min: 80% B1000.00\[[@bib62]\]ExenatideMicrospheres--HPLCUV--C~18~ACN: 0.01% TFA (B)0.01% TFA (A)Gradient0--20.00 min: 30%--44% B1000.00\[[@bib63]\]ExenatideMicrospheres--HPLCUV--C~18~ACN (A)0.05 M KH~2~PO~4~ (B)Gradient0--20.00 min: 27%--43% A 20.00--20.10 min: 43%-27% B 20.10--28.00 min: 27% B1000.00\[[@bib64]\]ExenatideNanoparticles2000HPLCUV--C~18~80% ACN with 0.1% TFA (B)Water with 0.1% TFA (A)Gradient0--10.00 min: 20%--80% B 10.00--15.00 min: 80% B1000.00\[[@bib65]\]ExenatideNanoparticles10000HPLCUV--C~18~0.2% H~3~PO~4~: ACN0.2% H~3~PO~4~----500.00\[[@bib29]\]ExenatideNanoparticles200HPLCUV477.71C~18~0.1% TFA in ACN (B)0.1% TFA (A)Gradient0--20.00 min: 42%--74% B500.00\[[@bib27]\]ExenatidePorcine skin--HPLCUV126593.47C~4~0.1 M KH~2~PO~4~ in MeOH: 0.2 M ClNaO₄\*H₂O in MeOHWaterIsocratic----\[[@bib16]\]ExenatideSolution--UPLCQTOF-MS--C~18~0.1% FA in ACN (B)0.1% FA (A)Gradient0--2.00 min: 5% B\
2.00--40.00 min: 5%--60% B\
40.00--42.00 min: 60%--95% B\
42.00--45.00 min: 95% B\
45.00--50.00 min: 5% B200.00\[[@bib66]\]ExenatideSolution--HPLCMS--C~18~ACN: 0.01% TFA (B)0.01% TFA (A)Gradient0--30.00 min: 30%--44% B1000.00\[[@bib67]\]Exenatide and glucagonHuman plasma1000LCHRMS--C~18~ACN in MeOH (B)0.1% FA (A)Gradient0--3.50 min: 15%--55% B 3.50--4.25 min: 55% B 4.25--5.50 min: 15% B500.00\[[@bib68]\]Exendin-4Eluate--UPLCMS--C~18~5% water: 0.1% FA: 2 mM NH~4~HCO~2~ in ACN (B)5% ACN: 0.1% FA: 2 mM NH~4~HCO~2~ (A)Gradient0--5.00 min: 0--40% B 5.00--10.00 min: 40% B350.00\[[@bib69]\]Exendin-4Hydrolysate--HPLCMS--C~18~ACN: 0.1% TFA (B)--Gradient0--35.00 min: 0--85% B1000.00\[[@bib70]\]Exendin-4Monkey plasma150UHPLCMS/MS2388.56C~18~ACN (B)0.1% FA (A)Gradient0--2.50 min: 25%--60% B 2.50--2.60 min: 60% B 2.60 min: 25% B1000.00\[[@bib71]\]Exendin-4Solution--HPLCUV--C~5~ACN: water (70: 30, v/v) with 10 mM TFA (B)10 mM TFA AGradient0--2.00 min: 35% B 2.00--9.00 min: 35%--100% B2000.00\[[@bib72]\]Exendin-4Solution--HPLCUV--C~18~ACN0.1% TFAIsocratic--500.00\[[@bib73]\]Exendin-4 analogRat retina10HPLCFL--C~18~MeOH (B)0.1 M KH~2~PO~4~: 35% MeOH: 2% THF (A)Gradient0--12.00 min: 0--40% B 12.00--17.00 min: 40% B 17.00--22.00 min: 0% B1000.00\[[@bib74]\]ExendinHuman plasma100UHPLCMS/MS385.78C~18~0.1% FA in ACN (B)0.1% FA (A)Gradient0--12.00 min: 20%--65% B0.45\[[@bib36]\]12.00--15.00 min: 85% B0.7015.00--21.00 min: 20% B0.45GIP (1‐42)\
GIP (3‐42)Human plasma1000IM-LCMS5.54\
5.24C~18~MeOH: water (90: 10, v/v) with 0.1% FA (A)MeOH: water (10: 90, v/v) with 0.1% FA (B)Gradient0--10.00 min: 100% B40.00\[[@bib75]\]10.00--15.00 min: 100%-30% B40.00GLP-1 (7‐36)\
GLP-1 (9‐36)5.8415.00--30.00 min: 100% A20.0030.00--35.00 min: 100% B40.00GLP-1Solution10HPLCUV--C~18~ACN: 0.1% TFA (B)Water: ACN: 0.1% TFA (A)Gradient0--60.00 min: 40%--100% B500.00\[[@bib76]\]GLP-1GLP-1/HSA--HPLCUV--Protein specific0.15 M sodium chloride0.02 M sodium phosphate----800.00\[[@bib53]\]GLP-1 analogsMice plasma100LCMS/MS10.00C~18~ACN with 0.1% FA (B)Water: ACN\
(90: 10, v/v) (A)Gradient0--0.20 min: 5%--20% B\
0.20--1.70 min: 20%--45% B\
1.70--1.80 min: 40%--100% B\
1.80--2.40 min: 100% B\
2.40--3.00 min: 5% B500.00\[[@bib9]\]GLP-1 analogsMice serum--2DLCMS--C~4~ACN with 0.2% FA, 0.05% TFA and 10% 2-propanol (B)Water with 0.2% FA, 0.05% TFA and 10% 2-propanol (A)Gradient0--39.00 min: 20% B\
39.00--79.00 min: 20%--90% B50.00\[[@bib35]\]GlucagonHuman plasma400UHPLCMS/MS\
(SRM)7.18C~18~0.2% FA in ACN (A)0.2% FA (B)Gradient0--2.00 min: 22%--32% A\
2.00--3.00min: 95% A\
3.00--7.00 min: 22% A800.00\[[@bib77]\]GlucagonHuman plasma500IA-LCMS/MS0.78C~18~0.1% FA in ACN (B)0.1% FA (A)Gradient0--2.00 min: 2% B15.00\[[@bib37]\]GLP-10.79\
0.842.00--6.00 min: 20%--50% B\
6.00--9.00 min: 50%--95% B\
9.0--011.00 min: 95% B\
11.00--13.50 min: 2% B4.00InsulinHuman plasma500HPLCMS/MS16.49C~4~0.1% FA in ACN (B)0.1% FA (A)Gradient0--2.50 min: 15%--40% B200.00\[[@bib26]\]--500.00Insulin\
Lixisenatide\
Exenatide\
Liraglutide\
SemaglutideRat, minipig and human subcutaneous tissue--LCHRMS\
(DDM)--C~18~0.1% FA in ACN (B)0.1% FA (A)Gradient0--0.50 min: 0.5% B\
0.50--5.00 min: 80% B\
5.00--6.00 min: 80% B\
6.00--6.10 min: 0.5%B\
6.10--7.00 min: 0.5% B400.00\[[@bib24]\]Human plasma50--[^2]

### 5.2.1. Chromatographic column {#sec5.2.1}

During the development of a liquid chromatography-based technique, it is important to select the chromatographic column, in order to assess the consistency of the results within columns from different lots and the carryover effect, selecting a pretreatment approach suitable for the quantification of the API \[[@bib26]\]. Although it is also crucial to take into consideration the physical and chemical properties of the API.

Exenatide has a high molecular weight and an isoelectric point of 4.96, even though the API comprise amino acids with cationic properties, conferring cationic characteristics to the drug \[[@bib65]\]. As a peptide, exenatide promotes chromatographic peak tailing and carryover effect due to its hydrophobicity \[[@bib78]\]. However, the carryover effect may be avoided or, at least, decreased, through a wash run between analytical runs, in order to clean-up remaining residues from the sample previously injected \[[@bib26]\]. Regarding the peak tailing, it is fundamental to proceed with a sample pretreatment approach that enables clean samples and the extraction of exenatide without compromising its quantification, in order to obtain sharp and symmetric chromatographic peaks.

Despite the great diversity of available chromatographic columns, reversed-phase C~18~ columns are the golden choice columns for exenatide quantification \[[@bib43],[@bib46],[@bib58],[@bib59],[@bib64],[@bib66],[@bib76],[@bib77]\]. Reversed-phase C~18~ columns have high porosity and surface, allowing a fast elution with shorter run times; however, a fast elution may reduce the peak resolution and the interaction between exenatide and the stationary phase \[[@bib79]\]. To overcome the lack of peak resolution, some researchers use reversed-phase C~4~ columns \[[@bib52],[@bib60]\], enhancing the stationary phase hydrophobicity, selectivity, allowing to achieve a symmetric chromatographic peak. In lower extension, chromatographic columns specific for proteins or reversed-phase C~5~ columns are also used for exenatide quantification \[[@bib72]\], in order to obtain sharp and symmetrical chromatographic peaks, avoiding the peak tailing effect.

### 5.2.2. Mobile phase {#sec5.2.2}

During the optimization of the mobile phase, it is important to consider the proportion of the organic phase and the final pH \[[@bib79]\]. Since exenatide is hydrophilic, the mobile phase used for its elution must be constituted by a small percentage of water, enhancing the interaction between exenatide and the stationary phase and the peak resolution. Regarding [Table 3](#tbl3){ref-type="table"}, it is possible to analyze that, generally, researchers use a small proportion of aqueous phase and alkaline pH conditions, since the elution of exenatide with acidic mobile phases is not suitable, due to its cationic behavior \[[@bib16]\].

However, the selection of the mobile phase needs also to take into consideration how exenatide will be detected, because in the case of mass spectrometry detection, the mobile phase affects the sensitivity and efficiency of the detection \[[@bib80]\]. In some cases, the addition of volatile solvents is demanding, in order to enhance the sensitivity and the signal of the chromatographic peak \[[@bib81]\].

Despite the wide variety concerning the solvents applied as mobile phase for the optimal quantification of exenatide, water and ACN with FA or TFA are the most selected mobile phase constituents \[[@bib49],[@bib58],[@bib59],[@bib61], [@bib62], [@bib63],[@bib67],[@bib68]\], achieving symmetrical peaks shape, with residue peak tailing and high signal.

### 5.2.3. Detection {#sec5.2.3}

#### 5.2.3.1. Ultraviolet detection (UVD) {#sec5.2.3.1}

Since the emergence of HPLC techniques, as a reliable bioanalytical instrument for the quantification of exenatide and other incretins in biological and biotechnology-based matrices, the chromatographic instrumentation is evolving, allowing the quality enhancement of the detectors available.

Despite this evolution, many authors rely on the UVD for exenatide and incretins quantification \[[@bib46],[@bib48], [@bib49], [@bib50],[@bib53],[@bib59],[@bib62],[@bib72],[@bib73],[@bib76]\]. UVD can identify exenatide with efficacy and sensitivity, although it is expensive and difficult for the gradient elution of exenatide, due to the mobile phase refraction index shift \[[@bib46]\]. However, nowadays the detection golden choice, in general, is the MSD.

#### 5.2.3.2. Mass spectrometry detection (MSD) {#sec5.2.3.2}

Mass spectrometers quantify ionized molecule mass-to-charge quotient (*m/z*) through ion capture and individualized ions intensity measurement \[[@bib39]\]. Due to the substantial improvement in the MSD equipment, it is now possible to obtain robust, reproducible and accurate quantification results regarding target proteomics, including therapeutic and recombinant proteins and therapeutic recombinant monoclonal antibodies \[[@bib38]\]. The MSD allows the quantification and identification of exenatide, associating exenatide\'s molecular structure with its retention time, allowing the identification of possible isomers, metabolites and analogs \[[@bib31],[@bib46]\].

The sensitivity of MSD is dependent on exenatide ionization efficiency, which is dependent on its physical and chemical properties and on the matrix interferences \[[@bib79]\]. The ionization efficiency is affected by the polarity and the size of the analyte, since exenatide is a polar and large protein, the ionization is not completely affected, and thus the ion suppression effect does not augment significantly. [Table 3](#tbl3){ref-type="table"} displays a wide application array of MSD for the quantification of exenatide in biological and biotechnology-based matrices.

However, new MS instrumentation with increased accuracy, reproducibility, sensitivity, throughput and multiplexing capabilities for the detection of high molecular weight proteins, such as exenatide, is continuously emerging, similar to the interest in target proteomics. MSD coupled to LC-based techniques, such as triple quadrupole (QqQ) mass spectrometers and quadrupole time of flight (QTOF) mass spectrometers, have the ability to, simultaneously, separate and detect exenatide in complex matrices \[[@bib40],[@bib82]\]. However, not every equipment has these abilities.

Some MSD instruments applied in target proteomics only allow the detection of exenatide in complex matrices after its extraction from the matrix, such as matrix assisted laser desorption/ionization (MALDI) and surface enhanced laser desorption/ionization (SELDI) \[[@bib39]\]. MALDI and SELDI are usually associated with TOF mass analyzer systems and, normally, they do not promote the fragmentation of exenatide, allowing its fingerprint analysis; however, these MSD instruments lack interlaboratory reproducibility \[[@bib83]\]. SELDI arises from MALDI due to the ability to increase the sample surface area that is exposed to the radiation, enhancing the methodology\'s specificity \[[@bib84]\].

High-resolution mass spectrometers (HRMS) have been replacing QqQ mass spectrometers due to the ability to reach inferior sensitivity and dynamic ranges, with higher resolution. Therefore, target proteomics associated with HRMS is becoming refined, enabling the selection of three main approaches for detection of the exenatide in biological and biotechnology-based formulations matrices: data-independent acquisition (DIA), selected reaction monitoring (SRM) or selected ion monitoring (SIM) or multiple reaction monitoring (MRM) and parallel reaction monitoring (PRM) \[[@bib31],[@bib40]\].

DIA is an MS method that is characterized by its high throughput and multiplexing abilities \[[@bib85]\]. It allows gathering information of the sample, independently of the selected ion precursor, without the predetermination of the target index; hence, it enables the acquisition of information for a wide precursor\'s range \[[@bib86]\]. Although due to the wide range for ion precursors, the accuracy of the DIA is diminished ensuring the obtained results and enhancing the possibility of false positive results \[[@bib38]\]. However, associated with QTOF MSD, DIA decreases the range for ion precursors, identifying specific peptides with fast acquisition of information \[[@bib87]\]. Applied to proteomics, DIA yields results with reproducibility, linearity, sensitivity and accuracy without time-consuming method development and it has the advantage of, not only quantifying, but also identifying possible biomarkers, allowing a multiplexing quantification and the simultaneous recognition of peptides \[[@bib38]\].

SRM is intrinsic to QqQ MSD and it is a multiplexing method with high sensitivity and selectivity, which enables the precise detection of proteins in complex matrices at very low concentration ranges (pg/mL), due to its capability to enhance the method resolution and reduce the background interference \[[@bib40],[@bib88]\]. It is applied in biological and biotechnology-based formulation matrices, due to its advantages regarding the multiplexing capability, specific detection, fast development methodology, feasibility and reliability for the quantification of proteins and their isomers or metabolites in complex matrices. However, it requires a time-consuming optimization and its sensitivity is dependent on the fragmentation efficiency; thus high collision energy increases low abundance ions, diminishing methodology\'s LLOQ \[[@bib89]\]. SIM operating mode enables exenatide quantification with enhanced resolution; however, in biological samples it does not achieve high selectivity, due to the lack of ability to reduce the background noise \[[@bib40],[@bib89]\]. Samples containing exenatide submitted to QqQ MSD in MRM mode achieve high selectivity, demonstrating capability to distinguish exenatide from the endogenous matrix components \[[@bib71]\].

QTOF MSD techniques operating in the PRM may fragment and isolate the ion precursor of the peptide in the same way of SRM; however, PRM is able to obtain the full MS scan for all the ion precursors \[[@bib90]\]. PRM provides superior sensitivity, enabling the discrimination of the peptide\'s signal from the eluted endogenous matrix interferences \[[@bib91]\]. The multiplexing ability and the sensitivity of PRM are proportionally inversed. Despite its ability to achieve lower LLOQ, which is, in cases of low peptide concentration samples, such as plasma samples containing exenatide, an important feature, it requires more time to reach the same quality performance of SRM \[[@bib38],[@bib92],[@bib93]\]. Even though PRM is still settling regarding the bioanalysis, it has already demonstrated to achieve high quality results, enabling the discrimination between both matrix interferences and modifications in the peptide \[[@bib38]\].

5.3. Sample pretreatment procedure for HPLC quantification {#sec5.3}
----------------------------------------------------------

To obtain samples with higher concentrations without endogenous components inherent to biological samples, it is required the development of sample pretreatment procedures to achieve such goals. However, they are dependent of the detection system used for the quantification \[[@bib80]\].

Regarding the possible interferences of the matrix in exenatide and target proteomics MSD, it is at the utmost importance to implement pretreatment procedures before its injection in the chromatographic system, in order to reduce the ion suppression and to enhance the method sensitivity. Therefore, to decrease the matrix complexicity it is required the application of a bottom-up aproach, which proceeds to the extraction, fragmentation, cleavage and sepation of abundant interferent proteins, in order to obtain cleaner samples for quantification \[[@bib39]\].

[Table 4](#tbl4){ref-type="table"} assembles the main sample pretreatment procedures developed for biological and biotechnology-based formulation matrices for incretins\' quantification by HPLC.Table 4Pretreatment procedures applied to biological and API formulation samples for incretins quantification by liquid chromatography-based techniques during preclinical assessment, TDM programs and quality control.Table 4IncretinMatrixSample pretreatmentRefExenatideMicrospheresDilution\[[@bib62]\]Dilution\[[@bib64]\]PrecipitationExenatideNanoparticlesPrecipitation\[[@bib29]\]ExenatideSolutionDilution\[[@bib66]\]Exenatide and glucagonHuman plasmaProtein precipitation\[[@bib68]\]DilutionExendin-4Imaging eluateDilution\[[@bib69]\]SPEMonkey plasmaSPE\[[@bib71]\]Rat retinaDilution\[[@bib74]\]DerivatizationExendin ([@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38], [@bib39])Human plasmaDilution\[[@bib36]\]SPESolutionDilution\[[@bib66]\]GIP and GLP-1Human plasmaImmunoprecipitation\[[@bib75]\]DilutionGlucagonHuman plasmaProtein precipitation\[[@bib77]\]SPEDilutionGlucagon GLP-1 ([@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36]) GLP-1 ([@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36])Human plasmaDilution\[[@bib37]\]GLP-1 analogsHuman plasma and rat subcutaneous tissueProtein precipitation\[[@bib24]\]GLP-1 analogsMice plasmaDilution\[[@bib9]\]InsulinHuman plasmaImmunoaffinity purification\[[@bib26]\][^3]

### 5.3.1. Dilution {#sec5.3.1}

The dilution of a biological sample requires the addition of an organic reagent, in order to obtain a less concentrated sample, avoiding the clogging of the chromatographic system or the column damage, due to the entrapment of exenatide or matrix endogenous components \[[@bib80]\]. When the detection is made by mass spectrometry, the dilution procedure allows the decrease of the surface tension \[[@bib94]\].

Regarding exenatide sample pretreatment procedures, dilution is a usual procedure step, especially when mass spectrometry is the selected detection system, in order to obtain wider surface area for the ionization and to avoid the matrix effect \[[@bib94]\].

### 5.3.2. Protein precipitation {#sec5.3.2}

In the majority of biological samples, including blood, plasma, urine and milk, proteins are an endogenous component. Therefore. proteins are a source of matrix interferents that, when not dealt with, may promote the column collapse or clogging of the chromatographic system.

Protein precipitation is an old, simple and commonly used sample pretreatment procedure that allows the reduction of sample complexity. However, it only removes proteins, allowing the remaining of phospholipids, highly present in plasma samples \[[@bib10],[@bib94],[@bib95]\].

Usually it is performed through the addition of precipitant agents followed by centrifugation and it may be performed alone or in combination with other sample pretreatment procedure. Although due to the fact that exenatide is a peptide, protein precipitation procedures are not suitable, due to the fact that the API may precipitate with the sample endogenous proteins, resulting in erroneous results.

Biological matrices containing exenatide are frequently submitted to protein precipitation \[[@bib24],[@bib67],[@bib76]\]. The precipitant agent of choice is ACN due to the ability to precipitate proteins without degrading the sample. Although it may not promote the precipitation of all the proteins in the sample, enabling the damage of the chromatographic system.

In proteomics, it is common to proceed to the enzymatic cleavage of abundant proteins that are not of interest, promoting the fragmentation of complex proteins into smaller peptides, obtaining samples more prone to be quantified by MSD \[[@bib39]\]. Trypsin grants a specific and predictable enzymatic cleavage; however, it is possible that the digestion does not occur as predicted, resulting in peptides with similar molecular weight, turning the identification of the fragmented peptides burdensome, due to the convergence of the mass spectra \[[@bib96]\]. Nevertheless, when samples are separated by HPLC-MSD, the convergence of the mass spectra is avoided, because peptides with the same molecular weight have different hydrophobic behavior, eluting at different retention times \[[@bib39]\].

Therefore, the combination of protein precipitation procedures with other sample pretreatment procedures allows the acquisition of cleaner samples. When combined with solid-phase extraction, it is possible to remove lipids from the sample, including phospholipids, enhancing its efficiency \[[@bib94],[@bib95]\].

### 5.3.3. Solid-phase extraction (SPE) {#sec5.3.3}

SPE is the prime procedure for sample pretreatment and it is a reliable, efficient and selective procedure, which allows better phospholipids and proteins clean-up, without affecting the drug\'s concentration \[[@bib94],[@bib95]\]. It enables the removal of matrix endogenous interferences, diminishes the matrix effect, and extracts and concentrates exenatide in biological samples, without requiring large sample or reagent volumes \[[@bib80],[@bib94]\].

It is important to highlight the importance of the correct selection of the SPE\'s sorbent, in order to enhance the selectivity, efficiency and adsorption capability. Therefore, the cartridge\'s type, elution and extraction reagents and samples\' pH are dependent on the chemical characteristics of the analyte, more specifically exenatide \[[@bib80]\].

Focusing on exenatide samples pretreatment procedure, it is possible to remark that SPE is a frequently applied methodology, especially using Oasis^®^ MCX cartridges. These cartridges allow a satisfactory recovery of exenatide at neutral pH \[[@bib80]\] and a greater sample clean-up, with the retention of phospholipids and proteins, avoiding the matrix effect. The sorbent used in Oasis^®^ MCX cartridges is a combination of a silica chemically bonded sorbent and a carbon and polymer-based sorbents, which are characterized by the lack of chemical and physical stability and low capacity, without the possibility to be reusable \[[@bib97]\]. Therefore, there are under development of new sorbents that will allow the extraction and concentration \[[@bib97]\] of biological samples. Hopefully, this new sorbent class will be quickly applied to exenatide biological samples, enabling faster clean-up of the sample, without affecting the concentration levels of exenatide.

6. Validation of quantification techniques {#sec6}
==========================================

To guarantee the reliability of the results obtained, it is necessary to perform a validation procedure of the analytical technique, in order to reach the drug\'s safety and efficacy parameters. Therefore, the European Medicines Agency (EMA) and the U. S. Food and Drug Administration (FDA) elaborated guidelines with recommendations for the correct validation of bioanalytical methods \[[@bib98],[@bib99]\].

In most of the cases, it is required the full validation of the technique developed to exhibit that it is reliable for the quantification of the analyte\'s concentration in the biological matrix \[[@bib98]\]. Thus, there are some parameters that may not be withdrawn from the validation procedure, such as selectivity, sensibility, accuracy, precision, lower limit of quantification (LLOQ), calibration range, matrix effects, reproducibility, stability and incurred sample reanalysis \[[@bib98],[@bib99]\]. All the previous parameters are outlined on both guidelines as well as how to proceed during their evaluation.

The above stated parameters need to be confirmed for both ligand-binding assays, such as ELISA techniques, and HPLC methodology.

7. Conclusion {#sec7}
=============

Exenatide is a drug for T2D treatment that, in therapeutic concentrations, it can inhibit the pancreatic ß-cells apoptosis and prevent the gastric emptying, promoting satiety and loss of body weight. The development of exenatide\'s TDM programs is important, in order to achieve optimal individual therapeutic concentrations; thus a suitable and validated quantification technique is needed. Notwithstanding, such quantification techniques are also required for preclinical and clinical assessment of incretins, as well as for the assessment of biotechnology-based API and in proteomics, in order to obtain their safety, toxicity and pharmacokinetic and pharmacodynamic profiles.

The main characteristics of ELISA and HPLC techniques developed so far for the quantification of exenatide were described and critically analyzed. ELISA are, generally, supplied as validated commercial kit. However, when the analytes, antibodies or matrices suffer a modification, it is recommended to validate the technique. It is possible to develop and validate ELISA protocols based on those available in the market, creating individualized and more suitable techniques for the aim of the study. On the other hand, HPLC techniques are used often as quality control for exenatide, but they may also be used to quantify exenatide in biological and biotechnology-based API matrices, requiring development, optimization and validation procedures. There have been advances towards higher specificity and sensitivity HPLC--MSD analysis of therapeutic peptides and in proteomics, due to the rapid development of the method. HPLC-MSD has been invaluable for the analysis of exenatide in several matrices. It achieves wider concentration ranges, enables the quantification and identification of the active peptide and its metabolites or analogs, and it provides structural specific molecular details for exenatide and its metabolites and analogs, unlikely to address when using ELISA techniques alone. Despite the advances in HPLC-MSD technology in proteomics, there are still challenges concerning the complexity towards the proteomic itself and the urgent need of the development of statistical methods specific for proteomic application.

Columns mostly used for exenatide\'s quantification are C~18~, in spite of the existence of columns specific for proteins. Amongst the detection, MSD is the most wanted due to its ability to quantify and identify exenatide in biological and biotechnology-based matrices. Although it is an expensive detection, when compared with the UVD, and it is not always available in the laboratories. In these cases, it is usual to develop and validate HPLC techniques for UVD and then apply them to MSD, only needing a partial validation in order to assure the reliability of the obtained results.

When dealing with biological matrices and biotechnology-based matrices, sample pretreatment techniques may be required to achieve the high sensitivity demanded by exenatide quantification, not only by reducing background interference, but also by enriching exenatide prior to analysis. Therefore, it is important to highlight the need to incorporate a SPE procedure into the sample pretreatment method, in order to obtain cleaner samples and to avoid protein precipitation procedures, due to the possibility of precipitating exenatide, obtaining erroneous results or damaging the chromatographic equipment.

A big challenge is to detect exenatide by UVD with similar sensitivity and efficiency of MSD, using a small sample volume, and a simple mobile phase, in the shorter time possible with a lower LLOQ. Not all laboratories have access to MSD, because it is an expensive equipment, needing more qualified personal and suitable sample pretreatment procedures. Thus, in some cases, laboratories developed the methodology in UVD as it was MSD and then hired a company to perform MSD. When there is this need, it is important to develop a sample pretreatment procedure, as well as the chromatographic technique, which may be easily adapted to the MSD. Therefore, samples need to be cleaner, in order to avoid the matrix effects and the impairment of the ionization procedure.

Target proteomics has been becoming an essential instrument for trustworthy quantification of therapeutic and recombinant proteins and biotechnology-based API, due to its features of multiplexing ability, reproducibility and specificity. However, it remains the lack of sensitivity to quantify proteins with lower abundance in complex samples, without compromising the samples. Therefore, it is still required to continue the development of MSD instruments, in order to achieve effective, sensitive and high-throughput methodologies, without the need for complex sample pretreatment procedures that will be able to be applied in API\'s preclinical, clinical and biosimilar assessment and quality control of biotechnology-based API. Thus, this paper can be a support material for the development of new HPLC techniques for the quantification of exenatide in biological or biotechnology-based matrices.

Conflicts of interest {#sec8}
=====================

The authors declare that there are no conflicts of interest.

Peer review under responsibility of Xi\'an Jiaotong University.

[^1]: Manufacturer values; LLOQ, lower limit of quantification.

[^2]: ACN, acetonitrile. BMPH, barbel muscle protein hydrolysate. ClNaO~4~\*H~2~O, sodium perchlorate monohydrate. FA, formic acid. GIP, glucose-dependent insulinotropic peptide. GLP-1/HAS, glucagon-like peptide 1/human serum albumin fusion protein. HRMS, high resolution mass spectrometry. HRMS (DDM), high-resolution mass spectrometry data-dependent monitoring. H~3~PO~4~, phosphoric acid. IA-LC, immunoaffinity liquid chromatography. IM-LC, immunoprecipitation liquid chromatography. KH~2~PO~4~, monopotassium phosphate. LOD, limit of detection. MeOH, methanol. MS/MS, tandem mass spectrometry. MS/MS (SRM), tandem mass spectrometry selected reaction monitoring. NH~4~HCO~2~, ammonium formate. PBS, phosphate buffer solution. PDA, photodiode array. QTOF-MS, quadrupole time of flight mass spectrometry. TFA. trifluoracetic acid. THF, tetrahydrofuran. UPLC, ultra-performance liquid chromatography. 2DLC, 2-dimensional liquid chromatography.

[^3]: GIP, glucose-dependent insulinotropic peptide. GLP-1, glucagon-like peptide-1. SPE, solid-phase extraction.
